Early treatment with the von Rosen splint for neonatal instability of the hip is safe regarding avascular necrosis of the femoral head 229 consecutive children observed for 6.5 years
Background and purpose -Avascular necrosis of the femoral head (AVN) is a complication in treatment of developmental dysplasia of the hip (DDH).
We evaluated the risk of AVN after early treatment in the von Rosen splint and measured the diameter of the ossific nucleus at 1 year of age.
Children and methods -All children born in Malmö, Sweden, undergo clinical screening for neonatal instability of the hip (NIH). We reviewed 1-year radiographs of all children treated early for NIH in our department from 2003 through 2010. The diameter of the ossific nucleus was measured, and signs of AVN were classified according to Kalamchi-MacEwen. Subsequent radiographs, taken for any reason, were reviewed and a local registry of diagnoses was used to identify subsequent AVN.
Results -229 of 586 children referred because of suspected NIH received early treatment (age ≤ 1 week) for NIH during the study period. 2 of the 229 treated children (0.9%, 95% CI: 0.1-3.1) had grade-1 AVN. Both had spontaneous resolution and were asymptomatic during the observation time (6 and 8 years). 466 children met the inclusion criteria for measurement of the ossific nucleus. Neonatally dislocated hips had significantly smaller ossific nuclei than neonatally stable hips: mean 9.4 mm (95% CI: 9.1-9.8) vs. 11.1 mm (95% CI: 10.9-11.3) at 1 year (p < 0.001).
Interpretation -Early treatment with the von Rosen splint for NIH is safe regarding AVN. The ossification of the femoral head is slower in children with NIH than in untreated children with neonatally stable hips.
The term developmental dysplasia of the hip (DDH) covers a spectrum of diseases, including neonatal instability of the hip (NIH), acetabular dysplasia, and hip dislocation. DDH is a risk factor for osteoarthritis (Furnes et al. 2001 , Engesaeter et al. 2008 . In a report from the Norwegian Arthroplasty Register, DDH accounted for 9% of all primary total hip replacements (THRs) in the period [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] . In patients less than 60 years old, DDH accounted for 29% of THRs (Furnes et al. 2001 ). In Sweden, 1.9% of all THRs are due to DDH-and 15% of those in patients aged 50 years or younger (Garellick et al. 2012) .
In longitudinal studies, screening for NIH and early treatment with abduction splinting has reduced the incidence of late-diagnosed dislocation (Palmén 1984 , Dunn et al. 1985 , Duppe and Danielsson 2002 , Myers et al. 2009 ). There is, however, still some controversy regarding the best way to perform the screening process and how and when to start treatment if it is deemed necessary. Treatment complications, most notably avascular necrosis of the femoral head (AVN) (Kalamchi and MacEwen 1980) and a high rate of spontaneous resolution (Barlow 1962) , are concerns that may lead to postponement of treatment in some centers.
A wide range in incidence of AVN has been reported for different abduction splints (MacKenzie 1972 , Kruczynski 1996 , Williams et al. 1999 , Tegnander et al. 2001 , Cashman et al. 2002 , Nakamura et al. 2007 , Myers et al. 2009 ).
Neonatally dislocated hips have delayed ossification of the femoral head (Bertol et al. 1982) . It is unknown whether this delay in ossification is a consequence of the disease or the treatment, and whether its etiology is related to vascular disturbance.
The von Rosen splint was developed in our department in the 1950s and is still used (von Rosen 1956) . In a small comparative study, it was superior to both the Pavlik harness and the Craig splint (Wilkinson et al. 2002) . Treatment is normally started within 1 week of birth. The risk of late-diagnosed dislocation in our program was 0.07 of 1,000 live births in the period 1990 -1999 (Duppe and Danielsson 2002 .
The aim of this study was to determine the risk of AVN following early treatment of NIH with the von Rosen splint. Our hypothesis, based on clinical experience and a previous study in our institution (Fredensborg 1976) , was that the risk of AVN would be lower than in previous publications that were cited in a systematic review for the U.S. Preventive Services Task Force (Shipman et al. 2006) . We also wanted to determine the size of the ossific nucleus at 1-year follow-up, comparing treated children to a reference group of untreated children. We hypothesized that the ossific nuclei would mineralize more slowly in treated children than in untreated children, and possibly also in relation to the degree of neonatal instability.
Patients and methods
All children born in Malmö are examined neonatally by a pediatrician using the Barlow (1962) and Ortolani (1976) tests. If this examination reveals a dislocated or a dislocatable hip, treatment is initiated immediately. If there is suspicion, but not certainty, of NIH, a dynamic sonography is performed within days (Dahlstrom et al. 1986) . At sonography, a pediatric orthopedic surgeon performs the Barlow maneuver while a radiologist determines the extent of subluxation of the femoral head.
Children with a dislocated hip, i.e. who are Barlow-or Ortolani-positive, are treated for 12 weeks with a von Rosen splint. Children with an unstable hip, defined as ≥ 25% subluxation of the femoral head on sonography, are treated for 6 weeks. The splint is worn day and night and parents are discouraged from removing it. Once a week, the children are seen at the outpatient clinic for a bath and a physical examination by a specially trained nurse. Children with normal sonography are not treated. All referred children receive identical follow-up, including standard anterior-posterior radiographs of the pelvis at 3 and 12 months, regardless of whether or not they have been treated.
All children referred to our department on suspicion of NIH following the neonatal examination by the pediatrician from 2003 through 2010 were eligible for inclusion in this study. The hips were divided into groups according to the neonatal finding and treatment. After a clinical examination by an experienced orthopedic surgeon and ultrasound in cases with suspected instability, the hips were defined as "stable" (< 25% subluxation), "unstable" (≥ 25% subluxation), or "dislocated" (Barlow-or Ortolani-positive) . Possible treatment was none (reference group), 6 weeks, or 12 weeks according to the criteria outlined above. Treatment was initiated at a mean and median age of 3 days.
Of the 586 children who were referred during the study period, 112 (19%) did not undergo dynamic sonography. 107 of these 112 children were treated for 12 weeks following a positive Barlow or Ortolani sign on physical examination. In 5 cases, a senior pediatric orthopedic surgeon decided on a 6-week treatment (2 cases that were judged to be clinically unstable but not Barlow-positive) or no treatment (3 cases that were judged to be stable) without the aid of sonography.
Radiographs at 12 months and any subsequent pelvic radiographs were reviewed for signs of AVN using the KalamchiMacEwen classification (Kalamchi and MacEwen 1980) . Hospital files for all treated children were reviewed. Furthermore, the diagnosis registry in our catchment area from 2003 through 2013 was reviewed for diagnoses relating to AVN (ICD-10 codes M870, M911, and M918 (Socialstyrelsen 2011) ).
The maximum diameter of the ossific nucleus was measured on 12-month radiographs ( Figure 1 ). Radiographs taken > 1 month from the first birthday were excluded from this measurement. Children diagnosed later than 7 days after birth were excluded from radiographic analysis. The intra-observer variability was tested by measuring the same 40 hips twice with a 2-month interval. The CV% was 1.9%. The systematic error was 0.004 mm.
Software and statistics
Radiographs were stored and viewed using Sectra PACS software (Sectra, Linköping, Sweden). Statistical analyses were performed using IBM SPSS Statistics version 22.0. For comparison of the diameter of the ossific nucleus between study groups, Student's t-test was used. Any p-values less than 0.05 were considered to be statistically significant.
Ethics
The institutional review board approved the study (LU 2013/605) .
Results

Epidemiology
During the study period, there were 34,308 live births in Malmö. 586 children (corresponding to 17 of 1,000 live births) were referred on suspicion of NIH. 6 children were treated for 12 weeks, despite being Barlow-negative. In statistical anal- yses, their hips were classified as belonging to the 12-week treatment group, but as "unstable" with regard to clinical findings. 1 child was treated for 1 week due to suspected bilateral dislocation, and was excluded from the analysis of ossific nucleus diameter. There were 134 girls (85%) among 158 children treated for 12 weeks, 64 girls (79%) among 81 treated for 6 weeks, and 228 girls (66%) among 346 untreated children. The incidence of NIH was 7 per 1,000 live births (Table) .
Avascular necrosis of the femoral head 6 treated children were lost to follow-up at 1 year. Of the 234 remaining treated children, there were 2 children (0.9%, 95% CI: 0.1-3.1) with a radiographic grade-1 AVN (Figures  2 and 3) . The radiographic signs of AVN resolved spontaneously and the children were asymptomatic during the observation period. The review of the diagnosis registry revealed 32 cases of Perthes disease. 1 of these patients had previously been treated for NIH. This was a boy who was diagnosed with acute myeloid leukemia at 2.5 years of age and who developed Perthes disease concurrently. No other child from the diagnosis registry had been treated previously for NIH. 47 other treated children had further radiographs of the hips taken for various reasons. None of these radiographs showed signs of AVN. The mean observation time was 6.5 (2.8-11) years.
The size of the ossific nucleus 466 children met the inclusion criteria for the radiographic study (Figure 4) . The results are listed in the Table . Hips treated for 12 or 6 weeks had smaller ossific nuclei at 12 months of age than the reference group. A higher degree of neonatal instability was associated with a smaller ossific nucleus at 12 months ( Figure 5 ). In the reference group, girls had larger ossific nuclei than boys. In cases with unilateral dislocation or instability, the stable hips had smaller ossific nuclei than those in the reference group. 2 hips (1 treated girl and 1 boy in the reference group) had no visible ossific nucleus at the 12-month follow-up. Both had normal subsequent radiographs (they were followed to 1.5 and 3.5 years).
Late examination 30 referred children were excluded due to late examination (median 12.5 (8-34) days), 5 of whom were treated. None of these children had signs of AVN on their radiographs. The most common cause of late diagnosis was neonatal intensive care.
Additional treatment 8 treated children required additional treatment because of acetabular dysplasia on the 12-month radiograph (Pavlik harness and/or CAMP orthosis). They all developed radiographically normal hips without surgery, with follow-up to 2.5 (1.5-3.5) years.
Late-diagnosed dislocation 1 referred child who had been cleared at sonography, i.e. in the reference group, was excluded from radiographic analysis due to late-diagnosed dislocation of the left hip (detected at the routine radiography at 3 months).
Discussion
Avascular necrosis of the femoral head
The reported risk of AVN with the von Rosen splint, including the present study, ranges from 0.2% to 0.9% (Fredensborg and Nilsson 1976 , Duppe and Danielsson 2002 , Myers et al. 2009 ). In these studies, treatment was initiated within 1 week of birth. Williams et al. (1999) had no cases of AVN in 86 children treated with the Aberdeen splint, with treatment initiated in the maternity ward. Dunn et al. (1985) had no cases of AVN when the Aberdeen splint or the von Rosen splint was used in 445 children treated from the first week of life (with few exceptions). Also, the Frejka pillow has been shown to be safe regarding AVN if treatment is initiated neonatally. Tegnander et al. (2001) reported 1.6% AVN when the Pavlik harness was used in conjunction with neonatal screening, and cases presenting after 3 months age were excluded. Also, using a combination of the von Rosen Splint and the Pavlik harness, Bradley et al. (1987) reported a 1.8% risk of AVN when treatment was initiated within 6 weeks of birth. In contrast to the above-mentioned studies on AVN following early treatment, studies reporting on treatment with the Pavlik harness (also including children with later treatment start) have found AVN in 7-11% of the children treated (Iwasaki 1983 , Pap et al. 2006 , Ohmori et al. 2009 ). In these studies, treatment was initiated up to 6-7 months from birth with mean ages of 3.2 months (Pap et al. 2006 ) and 4 months (Iwasaki 1983) . Initiating treatment with the Pavlik harness at 4.5 (1-12) months, Nakamura et al. (2007) had AVN in 20% of the treated children, with 14% being Kalamchi-MacEwen grade 2-4.
Previous studies have linked earlier start of treatment to lower rates of AVN (Bradley et al. 1987 , Kruczynski 1996 , and also more severe AVN (Kalamchi and MacEwen 1980, Kruczynski 1996) . In these studies, "early" start of treatment was at 0-6 months. 1 large study on the Pavlik harness found that the risk of AVN was lower if the treatment started within the first 3 months, but the authors did not report data to support this (Grill et al. 1988 ). Also, a higher degree of dislocation (Grill et al. 1988 , Kruczynski 1996 and longer treatment time (Pap et al. 2006 ) have been reported to correspond to higher rates of AVN.
Due to the heterogeneity in study designs, we are unable to deduce from the literature whether splint design or age at treatment is the main determinant of AVN risk. However, our main finding that early treatment with the von Rosen splint is safe is supported in the literature.
In the present study, both cases of radiographic AVN were grade 1, which is associated with better outcome than grade 2-4 AVN (Kalamchi and MacEwen 1980, Agus et al. 2010) . Both cases of AVN in our study affected the pathological hip, but studies on other splints have shown that the contralateral hip in unilateral cases may also be affected (Kalamchi and MacEwen 1980 , Iwasaki 1983 , Kokavec et al. 2006 , Pap et al. 2006 . However, these studies had median and mean ages at treatment start ranging from 3 to 11 months-as compared to 3 days in our study.
The Frejka pillow, now abandoned in most parts of Sweden, is associated with a higher rate of treatment failure than the von Rosen splint (Hansson et al. 1983 , Heikkila 1988 , Hinderaker et al. 1992 . The von Rosen splint has also been found to be superior to the Pavlik harness and the Craig splint (Wilkinson et al. 2002) . However, we are not aware of any randomized controlled trial comparing splints, either with regard to safety or efficacy.
The most common classification systems for AVN are those of Kalamchi and MacEwen (1980) , Salter et al. (1969) , Tönnis (1987) , and Bucholz and Ogden (Ogden 1982) . We used the Kalamchi-MacEwen classification, since we found the criteria to be detailed and applicable. Since the ossific nucleus is not visible in all children at 1 year, the Salter classification could be misleading in this age group (Salter et al. 1969 , Williams et al. 1999 .
The size of the ossific nucleus
As in previous studies, we found that the ossification of the femoral head is slower in treated children than in untreated children (Williams et al. 1999) , in the less stable hip in cases with bilateral or unilateral instability (Fredensborg and Nilsson 1976) , and in boys (MacKenzie 1972) . We also found that stable hips in unilateral NIH had smaller ossific nuclei than bilaterally stable hips. It is difficult to deduce whether the slower ossification is mainly related to the treatment or to the disease. Stable hips in unilateral NIH have higher AI than controls at 1 year despite treatment (Wenger et al. 2013) , suggesting that they are not entirely normal to begin with. Also, our finding that Ortolani-positive hips had smaller ossific nuclei than Barlow-positive hips supports the idea that slow ossification of the ossific head may be related to the disease per se.
The ossific nucleus is usually visible at 1 year of age (MacKenzie 1972) . In our material, both children who were missing a visible ossific nucleus on the 12-month radiograph had normal subsequent radiographs taken. Williams et al. (1999) found the same.
Limitations
It may be argued that the observation time of 6.5 (2.8-11) years was short (Koizumi et al. 1996 , Cashman et al. 2002 , Nakamura et al. 2007 , Agus et al. 2010 , Firth et al. 2010 ). Kalamchi and MacEwen (1980) , who described the classification used in our study based on a large sample of 119 hips with AVN, recommended follow-up to be performed until skeletal maturity in order not to miss "dormant" AVN or later-appearing physeal bars. However, the Kalamchi-MacEwen patients were 11 months old on average (range 1 month to 8 years) at the start of treatment, as compared to 3 (0-7) days in our study. In a 10-to 15-year follow-up study, Agus et al. (2010) made the diagnosis of AVN between 6 and 12 months after reduction in all 23 of their grade-1 AVN cases. Iwasaki (1983) made the same observation, that AVN was radiographically evident within the first year after reduction. Our 2 cases of grade-1 AVN were followed to 5 years 7 months and 8 years to verify normal development and to exclude later-appearing physeal bars. Previously, routine radiographic follow-up at 3 and 6 years was performed in our department, but this practice was discontinued since new cases of AVN or acetabular dysplasia were not found in children with normal radiographs at 1 year (Duppe and Danielsson 2002) . It has also been reported from our program that the spherical index at 10 (8-16) years in children undergoing early treatment does not differ significantly from that in healthy controls (Fredensborg 1976) . Based on the studies mentioned, the risk of later occurrence of AVN after early treatment, i.e. missed cases, should be small. However, the ideal study design to avoid missing later cases of AVN would have been a controlled prospective study with regular radiographic follow-up to skeletal maturity.
Children who moved to another region after the 12-month follow-up were not studied, which could also have led to missed cases of AVN. However, no additional cases of AVN were found through the diagnosis registry of ICD-10 codes, which also included children who had relocated to our region.
Strengths of the study
Although low rates of AVN following early treatment in the von Rosen splint have been reported previously, a recently published guideline document by the American Academy of Orthopaedic Surgeons stated that in studies on different splints "AVN rates were inadequately reported" (National Guideline, Clearinghouse 2014). This is important since, as expressed in a systematic review for the U.S. Preventive Services Task Force in 2006, "the balance of benefits and harms of intervention is obscured by significant gaps in the available evidence" (Shipman et al. 2006 ). In the publications by Dunn et al. (1985) and Myers et al. (2009) , there was no mention of AVN in the Methods sections, and Fredensborg and Nilsson (1976) only mentioned their findings briefly in the Discussion. The paper by Düppe and Danielsson (2002) clearly described the methods used but focused on many different aspects of screening. We present a study that was primarily designed to assess AVN, with strict inclusion criteria yielding a homogeneous study cohort, a high rate of follow-up, and a description of the method that allows reproduction. We used a diagnosis registry and reviewed all radiographs taken subsequently, to minimize the risk of missing (at least) any symptomatic cases of AVN.
Summary
Early treatment with the von Rosen splint for NIH is safe with regard to AVN; 2 (0.9%) of 229 children treated had asymptomatic Kalamchi-MacEwen grade-1 AVN that resolved spontaneously. NIH is associated with a slower ossification of the femoral head.
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